The relationship between Plasmodium falciparum gametocyte density and infections in mosquitoes is 46 central to understanding the rates of transmission with important implications for control. Here, we 47 determined whether field relevant variation in environmental temperature could also modulate this 48 relationship. Anopheles stephensi were challenged with three densities of P. falciparum gametocytes 49 spanning a ~10-fold gradient, and housed under diurnal/daily temperature range ("DTR") of 9⁰C around 50 means of 20⁰C, 24⁰C and 28⁰C. At the peak stages of infection for each temperature, the proportion of 51 mosquitoes infected with oocysts in the midguts or infectious with sporozoites in the salivary glands were 52 measured (referred to collectively as vector competence hereon), in addition to oocyst intensities from 53 infected midguts. While vector competence was similar at 20 DTR 9⁰C and 24 DTR 9⁰C, the proportion 54 of mosquitoes infected and subsequently infectious were also comparable, with evidence, surprisingly, for 55
overwhelming evidence to support the influence of temperature on the parasite and vector, the current 145 study posited that variation in field relevant factors such as temperature will shape the relationship 146 between gametocyte density and mosquito infection, with potentially important implications for 147 understanding the selection pressures on circulating parasite genotypes, identifying human infectious 148 reservoirs, and evaluating the efficacy of transmission blocking / reducing interventions in variable field 149 environments. Indeed, proof-of-concept evidence is shown in the Indian malaria vector (Anopheles 150 stephensi) -P. falciparum system that temperature alters the relationship between density of transmission 151 stages and infection outcomes in the mosquito vector. Female An. stephensi were challenged with three 152 densities of P. falciparum NF54 spanning an order of magnitude. After exposure, mosquitoes were 153 housed across three mean temperatures (20⁰C, 24⁰C and 28⁰C) that each had a realistic diurnal 154 temperature fluctuation of a total of 9 o C (+ 5⁰C / -4⁰C) that span a relevant range of temperatures across 155 which malaria is transmitted in the field (Paaijmans et al., 2010; Blanford et al., 2013; Murdock et al., 156 2016) . The effect of gametocyte density and temperature was examined with respect to the proportion of 157 mosquitoes that become infected and infectious, as well as overall parasite burden. 158 159
Materials and methods 160 Study design 161
The overall study design is depicted in Figure 1 with the indicated temperature regimes adapted 162 from a previous study (Murdock et al., 2016) . Female An. stephensi from the same cohort were sorted into 163 nine groups/cups with each temperature regime receiving three cups each, 24 hours prior to the day of 164 infection. On the day of infection, mature gametocytes of P. falciparum NF54 generated in vitro (Pathak 165 et al., 2018) were serially diluted 3-fold with naïve RBCs to obtain blood-meals representing three final 166 parasite densities with a 9-fold difference between the highest and lowest densities (~an order of 167 magnitude). Aliquots of the three blood-meals with the varying gametocyte density were offered to the 168 three cups, respectively, at each temperature regime. The experiments were replicated three times with 169 independent mosquito cohorts and parasite cultures. Since the primary objective was to determine the 170 effect of temperature on gametocyte density and vector competence, this experimental design ensured that 171 within each replicate, all three temperature regimes would be assessed simultaneously with the same 172 starting parasite and vector populations in order to reduce any unexpected variations over and above 12.4cm H) at a density of 300 larvae/1000 ml water and provided the same diet until pupation. The 205 feeding regime consisted of 2 medium pellets provided on the day of dispensing (day 0) followed by the 206 provision of a further 2, 4, 4 and 4 medium pellets on days 4, 7, 8 and 9 respectively. This regime allows 207 >85% larval survival and >90% pupation within 11 days with a sex ratio of 1:1 adult males and females 208 (unpublished observations). 209
Mosquito infections were performed with ~100, 3 to 7-day old female, host-seeking An. stephensi 210 sorted into nine 16/32 oz. soup cups. Three cups each were transferred to the respective temperature 211 regimes and acclimated for ~24 hours. On the day of infection, ex-flagellation was quantified from the 212 cultures, in addition to gametocyte density from 3000-5000 RBCs stained with Giemsa, as described 213
above. Parasite infected RBCs were collected into a pre-weighed 15 ml conical centrifuge tube and 214 concentrated by centrifugation at 1800xg for 2 min at low brake setting. The media supernatant was 215 aspirated, and weight of packed, infected RBCs estimated after subtracting the weight of the empty tube. 216
The infected RBC pellet was then resuspended in 3 volumes of a 33% hematocrit suspension of naïve, 217 freshly washed RBCs in human serum to achieve a hematocrit of ~45-50%. This suspension was then 218 serially diluted 3-fold a further two times by adding 2 volumes of naïve RBCs resuspended in human 219 serum at 45-50% hematocrit to 1 volume of the preceding dilution resulting in three final concentrations 220 of stage V gametocytemia (~0.3%, 0.1%, and 0.03%) used throughout this study. This dilution scheme 221 was developed with the objective of achieving a mature gametocytemia of ~0. We then added an equal volume of each concentration of gametocytes to water-jacketed glass 226 feeders maintained at ~37⁰C. All nine cups of mosquitoes were placed under the respective feeders and 227 allowed to feed for 20 min. For estimating gametocyte density, smears were prepared from the blood-228 meal corresponding to the 1:2 dilution for Giemsa staining. Mosquitoes were returned to the respective 229 temperature regimes and starved for a further 48 hours to eliminate any partial or non-blood fed 230 individuals after which they were provided cotton pads soaked in 5% dextrose (w/v) and 0.05% para-231 aminobenzoic acid (w/v) for the remainder of the study, as described previously (Pathak et al., 2018) . 232
Vector competence measurements 233
Vector competence was estimated at time points corresponding to peak infection intensities 234 specific to each temperature regime with susceptibility measured as oocyst prevalence and burdens in the 235 midguts and infectiousness as sporozoite prevalence in the salivary glands (manuscript in preparation). 236
Specifically, midguts and salivary glands, respectively, were dissected to assess vector competence on the 237 following days: 20 DTR 9⁰C, 15-17 dpi and 29 dpi; 24 DTR 9⁰C, 9-11 dpi and 17 dpi; and 28 DTR 9⁰C, 238 7-9 dpi and 13 dpi. At each time point, ~25-30 mosquitoes were vacuum aspirated directly into 70% 239 ethanol and vector competence measured as described previously (Pathak et al., 2018) . Briefly, midguts 240
were dissected, and oocysts enumerated at 400× magnification with a Leica DM2500 under DIC optics. 241
For sporozoite prevalence, salivary glands were dissected into 5 µl of PBS, ruptured by overlaying a 22 242 mm 2 coverslip and checking for presence/absence of sporozoites at either 100× or 400× magnification 243 with the same microscope. Additionally, gravid status was also noted for each mosquito to confirm blood-244 feeding status. 245
Data analyses 246
All data analyses were performed in RStudio (Version 1.1.463), an integrated development 247
environment for the open-source R package (Version 3.5.2) (RStudio Team, 2016;R Core Team, 2018) . 248
Graphical analyses were performed with the "ggplot2" package (Wickham, 2016) . Vector competence 249 was statistically modeled using Generalized linear mixed-effects models (GLMMs) with the choice of 250 family/distribution based on the dependent variable -1) Oocyst and sporozoite prevalence were modeled 251 as the probability of being infected and infectious, respectively, using a beta-binomial distribution 252
(family=beta-binomial, link= "logit"), and 2) oocyst intensity (burdens in infected mosquito midguts 253 only) with a negative binomial distribution (family=nbinom2, link="log") with the "glmmTMB" package 254
(Brooks et al., 2017). Predictors/fixed effects comprised temperature, gametocyte density and in the case 255 of prevalence, site of infection, i.e., midguts or salivary glands, with the relationships modeled up to 256 three-way interactions. Temperature and site of infection were classified as categorical fixed effects while 257 density was specified as a continuous variable exerting a linear (x) and quadratic (x 2 ) effect on the 258 dependent variables (Crawley, 2013). Since technical constraints meant reliable parasite counts were only 259 available for the highest parasite concentrations (1:2 dilution), dilution was used as a proxy for 260 gametocyte density based on the fact that all three biological replicates were performed with the same 261 series of dilutions of the original parasite culture (1:2, 1:6 and 1:18). For all models, the random effect 262 structure allowed for variation in the intercepts between biological replicates and/or between temperatures 263 nested within each replicate. 264
The choice of family for modeling oocyst intensity was based on likelihood-based information 265 criteria as recommended in the "bbmle" package (Bolker B and R Development Core Team, 2017), 266 dispersion characteristics of residuals using the "DHARMa" package (Hartig, 2019) , and where possible, 267
the co-efficient of determination ("Pseudo-R-squared") using the "sjstats" package (Lüdecke, 2018) . 268
Tests for overdispersion were performed using a predetermined threshold ratio of squared Pearson 269 residuals over the residual degrees of freedom (overdispersion ratio= <1.5) and a Chi-squared distribution 270 of the squared Pearson residuals with p-value >0.05, as described previously (Pathak et al., 2018) . Once 271 overdispersion was accounted for, the marginal means estimated by each model were then used to 272 perform pairwise comparisons between parasite densities nested within each temperature regime, using 273
Tukey's contrast methods in the "emmeans" package and adjusting for multiple comparisons (Lenth, 274 2019). 275 276
Results 277
The effect of temperature and gametocyte density on oocyst and sporozoite prevalence 278
Overall, we observed a main effect of temperature on both oocyst and sporozoite prevalence : in 279 general, oocyst and sporozoite prevalence decreased with increasing temperature, with the most notable 280 decline at 28 DTR 9⁰C ( Figure 2 , Table 1 ). A non-linear quadratic ("hump-shaped") relationship was also 281 noted between gametocyte density and prevalence., likely driven by the patterns in oocyst prevalence at 282 the two cooler temperatures with intermediate gametocyte density maximizing the proportion of 283 mosquitoes infected ( Figure 3 , Table 1 and Supplementary table 1) . While overall sporozoite prevalence 284 largely mirrored the patterns in oocyst prevalence at 20 and 24 DTR 9⁰C, the overall efficiency of 285 sporozoite establishment in the salivary glands was decreased at the warmest temperature (28 DTR 9⁰C; 286 Table 1 ). At the highest temperature (28 DTR 9⁰C), we observed positive, linear effects of gametocyte 287 density on the proportion of mosquitoes infected and subsequently infectious ( Figure 3 , Table 1 and  288  Supplementary table 1) . Overall, the model was able to explain 44.6% of the variation in the data with the 289 predictors accounting for 42.7% of this fit. Pairwise comparisons of estimated marginal means from the 290 models suggested clear differences between gametocytemia and oocyst prevalence at 28 DTR 9⁰C 291 whereas at the cooler temperatures, the proportion of mosquitoes infected with oocysts was marginally 292
higher at the intermediate relative to the lowest gametocyte densities, although, in general, none of the 293 temperatures showed any clear differences between the two highest gametocytemias (Supplementary  294  table 2 ). There was no difference in gametocytemia-dependent salivary gland prevalence at any 295 temperature although comparisons at this site of infection should be taken with caution as data on salivary 296
gland prevalence from one of the replicates at 20 DTR 9⁰C was not available for any gametocyte density 297 (Table 1) . Hence, data from the remaining two replicates was used for comparisons which may in turn 298 impose constraints on estimating confidence intervals. 299
The effects of temperature and gametocyte density on oocyst intensity 300
In general, the mean number of oocysts per infected mosquito midgut showed significant declines 301 as temperatures warmed, with mosquitoes housed at 20 DTR 9⁰C experiencing on average the highest 302 parasite burdens (Figure 3 , Table 2 ). Further, increases in gametocytemia resulted in positive and linear 303 increases in the mean number of oocysts per midgut, albeit with weak evidence for a quadratic 304 relationship where oocyst intensity was higher at the intermediate gametocyte densities (Figure 3 , Table 2  305 and supplementary table 3). Of the three temperatures however, only at the warmest temperature (28 DTR 306 9⁰C) was the relationship between gametocyte density and oocyst intensity clearly linear with higher 307 densities resulting in higher burdens in mosquito midguts relative to the other two temperatures (Figure 3 , 308 Table 2 ). Overall, the model was able to predict a total of 57.9% of the variation, with the predictors 309 contributing 52.2% (Table 2) . Pairwise comparisons of oocyst intensity suggest clear differences in the 310 mean number of oocysts per midgut across all three gametocyte densities at the two cooler temperatures 311 of 20 and 24 DTR 9⁰C. At 28 DTR 9⁰C, only the highest and lowest densities differed significantly in 312 their contribution to burdens, however, this interpretation should be taken with caution since mosquitoes 313 in two of the three experimental replicates at this temperature showed no evidence of infection at the 314 lowest density, which may in turn have affected the pairwise comparisons. 315
The effects of temperature and gametocytemia on the distribution of parasites across mosquitoes 316
Simple phenomenological analyses of the oocyst distribution across individual mosquito midguts suggests 317 strong gametocyte density-and temperature-dependent patterns ( Figure 5 and supplementary figure 1 ). To 318 describe how parasites are distributed across mosquitoes we used the variance to mean ratio, which is a 319 common metric often used to estimate the amount of parasite aggregation across a population of hosts 320 (Wilson et al., 2002) . Exclusion of un-infected midguts (oocyst counts ≥ 1 in Figure 5 , defined here as 321 oocyst intensity) suggests gametocyte density alters the degree of parasite aggregation, with higher 322 gametocyte density generally resulting in a higher degree of parasite aggregation (i.e. parasites are 323 dispersed unevenly across infected mosquitoes, with a few mosquitoes harboring high midgut burdens 324 and the majority of infected mosquitoes with low midgut burdens). However, temperature did modify the 325 effect of gametocyte density on parasite distributions. At the lowest temperature (20 DTR 9⁰C), increases 326 in gametocyte density led to increased variance to mean ratios that reflect fairly low parasite aggregation 327
to higher amounts of parasite aggregation. At the intermediate temperature, parasite distributions went 328 from randomly distributed (variance: mean ~ 1) to higher parasite aggregation when gametocyte density 329 increased from the lowest density treatment (0.03%). Interestingly, at the highest temperature (28 DTR 330 9⁰C), increases in gametocyte density does not affect parasite distributions across infected mosquitoes, 331
with parasites distributed more randomly across infected mosquitoes regardless of gametocyte density 332 ( Figure 5 and supplementary figure 1 that the overall efficiency of malaria infection declines at the warmest temperature either due to a direct 343 effect of temperature on the ability of the parasite to infect and replicate, on mosquito immune-344 physiology, or likely some combination of both. 345
The relationship between the density of transmission stages a mosquito is exposed to and metrics 346 of vector competence, parasite burden, and parasite distribution were shaped by variation in ambient 347 temperature. While increases in gametocyte density in general increased the proportion of mosquitoes that 348 become infected (oocyst prevalence), the qualitative shape of this relationship varied across mosquitoes 349 housed at different temperatures. such as competition between parasites for limited resources or temperature effects on mosquito anti-398 malarial responses may facilitate "transmission enhancement" in mosquitoes exposed to the reduced 399 gametocyte densities. Such transmission enhancement is not without precedent and has also been 400 observed in presence of low levels of anti-gametocytic antibodies (Stone et al., 2018) . 401
There are some limitations to the current study. First, the statistical analyses clearly indicate 402 heterogeneity in the data, especially for prevalence for which the models accounted for <50% of the 403 variation, but also oocyst burdens to a certain extent. Indeed, while it is not possible to rule out technical 404 variations in the serial dilutions across each experimental replicate, logistical constraints associated with 405 the inherently low-throughput nature of SMFAs meant only three gametocyte densities could be assessed 406
at each temperature, which may have obscured clearer associations. Second, while it is possible that the 407 gametocyte densities tested in the current study are more in line with laboratory rather than field-based 408 studies (Koepfli and Yan, 2018) , our key conclusion should still holdat cooler temperatures, successful 409 transmission should still be achieved at even lower densities. For instance, at the two cooler temperatures, 410 mean prevalence in either organ was ≥50%. In this study, we demonstrate that field relevant variation in ambient temperature alters the 427 relationship between density of transmission stages and infection outcomes in the An. stephensi -P. 428 falciparum system. In particular, we observed qualitatively different effects of temperature on the 429 relationship between gametocytemia and parasite prevalence (oocyst and sporozoite), burdens (oocyst 430 intensity), and distribution across exposed mosquitoes. We emphasize that the role of variation in field 431 relevant factors like temperature in shaping the relationship between gametocytemia and mosquito 432 infection is currently under appreciated, with potentially important ramifications for understanding natural 433 transmission and malaria control. Thus, it is imperative to begin incorporating field relevant sources of 434 variation into our mechanistic understanding of malaria transmission. This study represents an important 435 step in this direction. 436 437 438 439 440 441
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